Abstract. Survival rate of patients diagnosed with the invasive form of bladder cancer is low suggesting an urgent need to implement novel treatments. GTC (gemcitabine, paclitaxel and cisplatin) is a new chemotherapeutic regimen, which has shown promise in clinical trials. Given that receptor tyrosine kinases of the ErbB family are overexpressed in a high proportion of metastatic bladder tumours, approaches involving small-molecule inhibitors of ErbB receptors in combination with conventional cytostatic drugs are of potential interest. Here, we show that the dual inhibitor of ErbB receptors, lapatinib, enhances cytostatic and induces cytotoxic effects of GTC in two bladder cancer cell lines which differ with regard to expression levels of proteins taking part in the ErbB pathway. Lapatinib inhibited phosphorylation of ErbB receptors and also reduced the level of phosphorylated AKT. Flow cytometry analysis demonstrated that GTC treatment affects cell cycle distribution differently in the presence or absence of lapatinib. In RT112 cells, which express high levels of ErbB receptors and harbour wild-type p53, combined GTC/lapatinib treatment resulted in the phosphorylation of p53 at Ser46 and accumulation of sub-G 1 cell populations. Our data indicate that a combinatorial approach involving GTC and lapatinib may have therapeutic potential in a subset of bladder tumours depending on the genetic context.
Introduction
Bladder cancer is a worldwide disease with poor clinical outcome, especially among patients with the muscle invasive form of the disease (1) . Several combinations of chemotherapeutic agents are used in treatment of metastatic transitional cell carcinoma (TCC) of the bladder. The combination of methotrexate, vinblastine, doxorubicin and cisplatin was previously considered the 'gold standard' chemotherapy treatment of TCC, although the median survival was only one year (2) . Administration of the gemcitabine and cisplatin regimen has resulted in decreased toxicity, but has not improved survival rates (3) . At present, a combination of gemcitabine, paclitaxel (taxol) and cisplatin (GTC) with median survival of 22 months is considered as a promising approach (4) . In view of the continuing modest survival rates, novel targeted therapies for the treatment of advanced TCC of the bladder are urgently required. Much interest currently centres on modifying the activity of epidermal growth factor receptor (EGFR) family members (5) (6) (7) . This family, which has been implicated in human cancers, comprises four receptors, ErbB-1 (HER1, EGFR), ErbB-2 (HER2), ErbB-3 (HER3) and ErbB-4 (HER4) (8) . High expression of ErbB-1/ErbB-2, which has been described in TCC of the bladder, is an independent predictor of reduced survival (9) (10) (11) (12) . In contrast, high expression of ErbB-3/ErbB-4 is associated with favourable clinical outcome in TCC patients (13, 14) .
The ErbB receptors are composed of an extracellular ligand-binding region, transmembrane domain, and a cytoplasmic region containing a tyrosine kinase domain and autophosphorylation sites (15) . Ligand activation of three receptors (ErbB-1, ErbB-3 and ErbB-4) causes them either to homodimerise or to form heterodimers with other ErbB receptors leading to the tyrosine kinase-mediated autophosphorylation. To date, eleven ErbB ligands, growth factors containing EGF-like domains, have been characterised. ErbB-2, a preferential partner for all other receptors (16) , has no ligand. It is activated by heterodimerisation with every other member of the ErbB receptor family strongly augmenting signalling. ErbB-3 has no associated intrinsic kinase activity and ligand binding induces tyrosine phosphorylation only when heterodimers with other ErbB family members are formed (15) . Analysis of the levels of ErbB ligands in TCC of the bladder revealed expression of ligands for only ErbB-1 and ErbB-4 but not ErbB-3 receptors (17) . In addition to the canonical mode of ErbB activation, receptors of this family can be activated in a ligand-independent manner via phosphorylation by c-Src. This mode of ErbB-1 activation has been observed in various cancer cell lines treated with chemotheraupetic agents such as cisplatin, 5-fluorouracil, paclitaxel or gemcitabine (18) (19) (20) (21) .
Activation of ErbB tyrosine kinases stimulates a complex network of signalling events, which is involved in control of cell proliferation, differentiation or cell survival depending on genetic context. Signal transduction cascades activated by ErbB include the mitogen-activated protein kinase (MAPK), the phosphatidylinositol 3-kinase (PI3K/AKT), signal transducer and activator of transcription (STAT) and phospholipase C pathways (15) . Activation of the antiapoptotic ErbB/PI3K/AKT pathway has previously been linked to chemoresistance, making it an attractive marker when studying the action of chemotherapeutic agents (22) .
There are two promising therapeutic approaches to block ErbB receptor activity; humanised monoclonal blocking antibodies (an anti-ErbB-2 antibody herceptin or trastuzumab) and small molecule tyrosine kinase inhibitors (TKIs) (8) . TKIs inhibit the activity of tyrosine kinase in the intracellular component of ErbB receptors, acting at the ATP binding site, thus preventing receptor autophosphorylation and subsequent activation. TKIs exhibit various specificities; previous TKIs, Gefitinib (Iressa, ZD1839) or Erlotinib (Tarceva, OSI-774) are selective for ErbB-1, while more recently developed TKIs are dual inhibitors of both ErbB-1 and ErbB-2 or Pan-ErbB (8, 23) . The dual inhibitor lapatinib (GW572016) forms a slow off-rate complex with the kinase domain of EGFR resulting in prolonged repression of ErbB-1/-2 receptor activity (24) . Heterodimers composed of ErbB-3 and a breast cancer-specific truncated form of ErbB-2 are also effectively inhibited by lapatinib (25) . Lapatinib-mediated inhibition of ErbB-regulated signalling pathways in cell lines and in tumour xenografts resulted in partial cell cycle arrest and apoptosis (22, 26, 27) . We and others have found that the effect of lapatinib on cell growth in various tumour cell lines is independent of ErbB-1/-2 expression levels (7, 28, 29) .
In this study, we analysed the effects of the chemotherapeutic cocktail GTC in the presence or absence of lapatinib in bladder cancer cell lines. Firstly, we analysed the expression and ligand-dependent activation of ErbB receptors in six bladder cancer cell lines (a range from grade 1 to grade 3 tumours). We selected two cell lines to study the effect of lapatinib on the ligand-and GCT-induced stimulation of ErbB signalling. In any cell line, lapatinib modulated activity of ErbB receptors and inhibited AKT phosphorylation. Finally, studies were undertaken to assess the effect of GTC alone or in combination with lapatinib on cell growth, cell-cycle phase distribution and p53 phosphorylation.
Materials and methods
Reagents. Microtetrazolium (MTT) reagent was purchased from Sigma (St. Louis, MO). Recombinant human epidermal growth factor (EGF) and recombinant human EGF domain of heregulin1-ß1 (HRG1ß) were obtained from R&D Systems (Minneapolis, MN, USA). Cisplatin (Platinex™ 1.0 mg/ml) and paclitaxel (Taxol™ 6 mg/ml) were from Bristol-Myers Squibb Pharmaceuticals (Hounslow, UK). Gemcitabine (Gemzar ® 200 mg) was from Lilly Pharmaceuticals (Basingstoke, UK). Lapatinib was provided by GlaxoSmithKline (Research Triangle Park, NC), and 10 mM stock solution was prepared in DMSO.
Antibodies. Antibodies to EGFR, p-EGFR (Tyr1110), ErbB-3, ErbB-4, PTP1B and mouse anti-goat Ig-HRP were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies to p-EGFR (Tyr845), p-EGFR (Tyr992), p-EGFR (Tyr1045), p-EGFR (Tyr1068), ErbB-2, p-ErbB-2 (Tyr1248), p-ErbB-3 (Tyr1289), AKT, p-AKT (Ser473), p-AKT (Thr308), p42/44 MAPK, p-p42/44 MAPK (Thr202/Tyr204), PTEN, STAT1, p-STAT1 (Tyr701), STAT3, p-STAT3 (Tyr705) and all anti-p53 antibodies were purchased from Cell Signaling Technology (Beverly, MA). Goat anti-rabbit-Ig-HRP and rabbit anti-mouse-Ig-HRP were purchased from DakoCytomation (Glostrup, Denmark). Antibodies to E-cadherin (BD Transduction Laboratories, San Jose, CA), ·-tubulin (Sigma) were used.
Cell culture. The human bladder cancer cell lines (RT4, HT1376, RT112, J82, UMUC3, T24) and the human squamous cell carcinoma A431 cell line (American Type Culture Collection and the European Collection of Cell Cultures) were maintained in high glucose-contained Dulbecco's modified essential media (DMEM, Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS, Biowest, Nuaille, France) and 1% non-essential amino acids (bladder cancer cell lines) at 37˚C with 5% CO 2 .
Cell proliferation MTT assay. To determine the concentration of lapatinib or chemotherapeutic agents, which are required for 50% inhibition of cell viability (IC 50 ), MTT assay was performed as described (7) . Briefly, cells were maintained in medium with 1% FBS (1000 cells/well in a 96-well plate). Treatment was performed for 48 h with different concentrations of reagents in 10 parallel wells in medium containing 1% FBS. As control, 5 parallel wells with basic medium or with 0.1% DMSO were used. IC 50 was calculated using Graphpad Prism software. Reagents were used at doses ranging between 0.01 and 100 μM for lapatinib, 0.01 and 100 μM for gemcitabine, 0.1 and 100 nM for paclitaxel and 0.01 and 100 μM for cisplatin. Calculated IC 50 values for lapatinib in RT112 and J82 cells were respectively 1.1 and 1.22 μM; for gemcitabine; 0.04 and 0.022 μM; for paclitaxel, 3.4 and 5 nM, and for cisplatin, 29.2 and 3.55 μM.
To study the effect of lapatinib in combination with chemotherapeutic agents, cells were seeded and starved as above. The IC 50 dose of lapatinib was added for 24 h. Gemcitabine, paclitaxel and cisplatin were mixed at their IC 50 doses, and then added to cells at different concentrations (1/8xIC 50 -1xIC 50 ).
MTT assays were performed as above 48 h after addition of chemotherapeutic agents.
Preparation of protein lysates. Cells at 50% confluence were serum-depleted for 24 h in the presence or absence of lapatinib (IC 50 dose). Cells were treated with EGF (100 ng/ml) for 5 min, HRG1ß (40 ng/ml) for 15 min or GTC (IC 50 dose of each reagent) for 20 h. Protein lysates were prepared in standard Laemmli buffer. Total protein concentration was measured by using the BCA protein assay kit (Pierce, Rockford, IL).
Western blot analysis. The total protein (25 μg) was separated in 8% SDS-PAGE, and transferred to Immobilon-P Transfer Membrane (Millipore Corp., Billerica, MA). The membranes were incubated in blocking buffer (Tris-buffered saline containing 0.1% Tween-20, 5% non-fat milk) for 1 h at room temperature, followed by incubation with the primary antibodies [dilution 1/1000, except for EGFR, (1/4000), and ·-tubulin (1/8000)] and the secondary HRP-conjugated antibodies for 1 h. For detection, SuperSignal West Femto Maximum Sensitivity Substrate (Pierce), or ECL Western Blot Analysis System (GE Healthcare, UK) kits were used. Expression of ·-tubulin was used as a protein loading control.
Flow cytometry (FACS) analysis.
Cells at 50% confluence were starved for 24 h in the presence or absence of lapatinib (IC 50 dose), followed by 48 h of treatment with GTC at IC 50 dose for each component. For the analysis, cells were harvested, fixed in 70% ethanol, treated with ribonuclease A (1 mg/ml, Sigma) and stained with propidium iodide (50 μg/ml, Sigma). The cellular DNA content was evaluated using a FACS flow cytometer and analysed by ModFit software.
Results
ErbB signalling in bladder cancer cell lines. An important role for ErbB family members in bladder cancer has been demonstrated previously (9) (10) (11) (12) 17) . However, expression and activity of the proteins activated by ErbB signalling has never been addressed comprehensively in significant numbers of cell lines. We analysed expression of proteins involved in ErbB signalling in six different bladder cancer cell lines of varying grades. As a control, we used the vulval epidermoid carcinoma cell line, A431, known to express an artificially high level of EGFR. Morphologically, these cell lines represented two distinct types, epithelial (RT4, RT112, HT1376 and A431) and mesenchymal (T24, UMUC3 and J82). Cells belonging to the first group exhibited typical polarised epithelial morphology, formed tight cell-cell contacts and expressed high levels of the epithelial marker, E-cadherin (Fig. 1) . Cells of the second group had elongated fibroblastoid phenotype and were E-cadherin-negative. ErbB-1 and ErbB-2 were highly expressed in epithelial cells, and their levels strongly correlated with the differentiation status (Fig. 1) . In contrast, expression of ErbB-3 was nearly equal and the expression of ErbB-4 was hardly detectable in all bladder cell lines. AKT, a protein kinase responsible for ErbB-mediated anti-apoptotic response, was expressed at higher levels in mesenchymal cell lines, with two of these (J82 and UMUC3) expressing very low levels of PTEN. Expression of other proteins involved in ErbB signalling and examined in this study (p42/44 MAPK, PTP1B, STAT1 and STAT3) did not correlate with morphological characteristics of cells (Fig. 1) .
Next, we examined the activation of the ErbB pathway by the ErbB prototypical ligand, EGF. Short exposure of all cell lines to EGF resulted in strong phosphorylation of ErbB-1 tyrosine residues (Figs. 2 and 3) . Phosphorylation of ErbB-2 was prominent in epithelial cells, but hardly detectable in mesenchymal cell lines (Fig. 2 ). In general, the level of ErbB-1 and ErbB-2 phosphorylation in response to EGF was much higher in epithelial cells expressing more of these receptors ( Figs. 1 and 2) . Even in the absence of EGF, all cell lines expressed detectable levels of phosphorylated ErbB-3 with the higher p-ErbB-3 levels in epithelial cells (Fig. 2) . Whereas in A431 and RT112 cells, EGF enhanced phosphorylation of ErbB-3, in two remaining epithelial cell lines, RT4 and HT1376, phosphorylation of this receptor was not affected by EGF (Fig. 2) . Interestingly, in mesenchymal cells, EGF even decreased the basal level of p-ErbB-3 expression, possibly, as a result of the replacement of ErbB-3 by ErbB-1 and ErbB-2 receptors in ErbB heterodimers. EGF treatment resulted in the activation of p42/44 MAPK and phosphorylation of AKT in RT112, A431 and in all mesenchymal cell lines, but not in RT4 or HT1376 cells. Activation of the STAT pathway was considerably less prominent. All mesenchymal non-stimulated cell lines expressed phosphorylated STAT1 and STAT3 independently of EGF. Activation of STAT1 and STAT3 by EGF was not detected in epithelial cell lines (Fig. 2) . Overall, treatment with EGF induced receptor phosphorylation in all cell lines analysed. However, while two epithelilal cell lines, RT4 and HT1376, appeared to be incompetent in transducing signals to the downstream targets, in other cells, p-p42/44 MAPK and AKT pathways were activated in response to EGF.
To address the effectiveness of lapatinib in the repression of the ErbB pathway, we selected two cell lines, RT112 and J82 capable of transducing EGF signals to downstream targets. These cell lines belong to different morphological types and differ in ErbB-1 and ErbB-2 expression levels.
Lapatinib inhibits EGF-and HRG1ß-induced activation of ErbB receptors and downstream pathways.
We aimed to examine whether EGF-induced phosphorylation of proteins involved in ErbB signalling is sensitive to lapatinib. Since the ErbB-3 receptor is expressed in all bladder cancer cell lines analysed (Fig. 1) and can form heterodimers with ErbB-2, HRGß1 (an ErbB-3-specific ligand) was also included in the analysis. Semi-confluent cultures of RT112 and J82 cells were pre-treated with lapatinib and then stimulated by either EGF or HRGß1. Lapatinib was used at IC 50 value (7). As expected, EGF-mediated phosphorylation of ErbB-1 at several tyrosine residues was significantly inhibited by lapatinib (Fig. 3A) . Similarly, lapatinib also strongly reduced HRG1ß-dependent phosphorylation of ErbB-3 (Fig. 3B) . Of note, basal phosphorylation of ErbB-1 was only partly decreased. Treatment by either ligand activated lapatinibsensitive phosphorylation of ErbB-2 in RT112 cells. Sub- sequent activation of AKT at Ser473 or Thr308 by either ligand was sensitive to lapatinib in both RT112 and J82 cell lines. However, the effect of lapatinib was not competent of inhibiting pAKT below the basal level, suggesting that constitutive activation of PI3K-AKT pathway is independent of the ErbB pathway (Fig. 3) . Interestingly, lapatinib produced only minimal effect on ligand-induced phosphorylation of p42/44 MAPK (Fig. 3) . This may indicate that in these cell lines activation of downstream signalling pathways requires different degrees of receptor activation and in lapatinib-treated cells the level of constitutively active ErbB-1 is sufficient for p42/44 MAPK but not AKT phosphorylation.
Lapatinib inhibits the effect of GTC on ErbB signalling.
To address whether inhibition of ErbB signalling by lapatinib sensitises bladder cancer cells to GTC-combined chemotherapy, we firstly analysed how the combined lapatinib/GTC treatment affected phosphorylation of ErbB receptors and downstream signalling. RT112 and J82 cells were incubated overnight with or without IC 50 dose of lapatinib and then GTC (combined IC 50 doses of the individual drugs) was applied for 20 h. Phosphorylation of ErbB receptors, p42/44 MAPK and AKT was analysed. Only a small increase in the levels of phospho-ErbB-1 was identified in both cell lines after 20 h of GTC treatment (Fig. 4) . GTC slightly inhibited p-ErbB-2 level in RT112 and had no effect on p-ErbB-2 in J82 cells. Most prominently, lapatinib inhibited ErbB-3 phosphorylation in GTC-treated RT112 cells. Interestingly, GTC treatment induced phosphorylation of AKT at Ser473 but not at Thr308 in both cell lines (Fig. 4) . The phosphorylation of p42/44 MAPK was not affected by GTC. GTC-dependent AKT phosphorylation on Ser473 in both cell lines was reduced by lapatinib indicating that ErbB signalling was, at least in part, responsible for AKT activation by GTC.
Lapatinib enhances GTC-sensitising effect in RT112 and J82 cells.
We employed the MTT assay to test whether lapatinib enhances the growth inhibitory effect of GTC in RT112 and J82 cells. IC 50 doses of combination chemotherapy (see Materials and methods) were added to the untreated cells or to the cells pre-treated for 24 h with the IC 50 dose of lapatinib (Fig. 5) .
In 48 h, MTT assay was performed to determine cell viability. J82 cells appeared to be more sensitive to GTC applied at the concentration of 1/8 IC 50 (1/8 IC 50 dose inhibited cell growth by 71% versus 36% inhibition in RT112 cells). When lapatinib was applied in combination with GTC, the growth inhibition reached 82% in both cell lines demonstrating the sensitising effect of lapatinib to the combination chemotherapy (Fig. 5) . This effect was particularly evident in the GTC-resistant, RT112 cells.
Lapatinib and combination chemotherapy affect the cell cycle differentially in RT112 and J82 cells.
The reduction in the growth rate of a cell population following treatment with an anti-cancer drug is the sum of cytostatic (cell cycle arrest) and cytotoxic (apoptosis or necrosis) effects of this drug. Having demonstrated the enhanced growth inhibition by combined lapatinib and GTC treatment of RT112 and J82 cells, we wished to examine the effect of these drugs on cell cycle distribution. Flow cytometry analysis of the effects of lapatinib alone on cell cycle distribution revealed a significant shift (~20% increase) into the G 1 phase of the cell cycle in both cell lines (Fig. 6 ). In contrast, the effect of combination chemotherapy was cell line-specific. In J82 cells treated with GTC, the majority of cells accumulated in S phase with decreased proportion of cells in G 1 In RT112 cells, GTC treatment resulted in an increased proportion of cells in the G 1 /early S phase (75%). Combined lapatinib/GTC treatment further strengthened this tendency. In fact, 89% of the cell population accumulated in the G 1 phase peak explaining the strong inhibitory effect of these drugs on the growth of RT112 cells (Fig. 6) . In cells treated either with lapatinib or GTC, we observed no or a very low proportion of cells accumulated in sub-G 1 , indicating lack of apoptotic response (Fig. 6) . In contrast, combined lapatinib/GTC treatment resulted in an increased amount of apoptotic cells especially in RT112 cell population (13%). The difference in the proportion of apoptotic RT112 and J82 cells observed after combined treatment may reflect the difference in p53 status in these cell lines. Surprisingly, the level of total of p53 was similar in both cell lines and was not affected by lapatinib or GTC (Fig. 7) . We observed no Figure 6 . Cell cycle distribution of RT112 and J82 cells treated by GTC in the presence or absence of lapatinib. Cells were maintained in the presence or absence of lapatinib and then treated by combined chemotherapeutic agents for 48 h or mock-treated. All agents were used at their IC 50 concentrations (see Materials and methods). FACS analysis was performed as described in Materials and methods. regulation of p53 phosphorylation in J82 cells, suggesting p53 is mutated in this cell line, as described by Matsui et al (30) . On the other hand, Ser15, Ser20 and Ser46 were phosphorylated in RT112 cells upon treatment with GTC and/or GTC/lapatinip (Fig 7) , which was shown to contain wild-type p53 (30) . Of note, Ser46 phosphorylation, which facilitates p53-induced apoptosis (31) , was only detected in RT112 cells undergoing lapatinib/GTC-treatment. Lapatinip alone did not alter the total or phosphorylated levels of p53 in both cell lines. These data indicate potential involvement of p53 in GTC/lapatinibinduced apoptotic response in RT112 cells.
Discussion
A major challenge in developing effective cancer therapies involves implementation of more effective treatment regimes which overcome the high toxicity of many conventional chemotherapeutic approaches. In recent years, new strategies, based on chemosensitisation of tumour cells with relatively low toxicity TKIs have gained much attention. These approaches involve application of decreased doses of toxic agents in combination with a non-toxic TKI complementing the efficacy of the treatment. Promising targets for such combinatorial treatment of bladder cancer patients are tyrosine kinase receptors of ErbB family, ErbB-1 and ErbB-2, whose expression in bladder tumours has high prognostic value. In this study, we performed an initial preclinical evaluation of the dual inhibitor of ErbB-1 and ErbB-2 receptors, lapatinib, as a sensitiser for a novel chemotherapeutic cocktail GTC currently being evaluated in a phase III clinical trial (4). All six bladder cancer cell lines analysed expressed ErbB-1, ErbB-2 and ErbB-3 but not ErbB-4 receptors (Fig. 1) . Expression levels of ErbB-1 and ErbB-2 proteins were significantly lower in E-cadherin-negative mesenchymal cell lines, which likely represent later stages of tumour progression and tend to exhibit more aggressive behaviour in in vivo and in vitro assays. EGF effectively induced receptor phosphorylation in all six cell lines (Fig. 2) . In all mesenchymal cell lines and in RT112 cells, EGF stimulated phosphorylation of ErbB downstream targets, p42/44 MAPK and AKT (Fig. 2) . However, in two remaining epithelial cell lines, RT4 and HT1376, phosphorylation of ErbB targets was not detected, probably to genetic defects downstream of receptors.
We analysed the inhibitory effect of lapatinib in RT112 and J82 cells representing epithelial and mesenchymal cell phenotypes respectively. Lapatinib effectively blocked activation of ErbB receptors by EGF or HRG1ß in both cell lines. Surprisingly, the inhibitory effect of lapatinib was detected only on the AKT pathway and not on MAPK kinase (Fig. 3) . Of note, lapatinib IC 50 values were similar in lines, (RT112 -high ErbB-1/2 and J82 -low ErbB-1/2 expression), as 1.1 and 1.2 μM respectively (7). Taken together, these data indicate that ErbB composition and expression levels cannot be used as the sole criteria for evaluation of the sensitivity of these cancer cells to lapatinib.
All three components of the GTC chemotherapeutic regimen examined in this study target the cell cycle. Gemcitabine, is incorporated into DNA leading to masked chain termination and causes depletion of the dNTP pool, which leads to the cell cycle arrest in S phase (32) . Paclitaxel causes a mitotic (G 2 /M) arrest by suppressing microtubule dynamics (33) . The anti-tumour effect of cisplatin complexes results from their ability to generate various types of DNA adducts and activate intra-S phase check-point (34) . Genotoxic insults have been shown to activate receptors of the ErbB family and affect downstream signalling (18) (19) (20) (21) . However, in RT112 and J82 cell lines, the effect of GTC on the phosphorylation of ErbB receptors was minimal, except for the apparent GTC-mediated decrease in phospho-ErbB-3 level in RT112 cells. In addition, in both cell lines GTCdependent phosphorylation of AKT (Ser473, but not Thr308) was observed, possibly representing a survival mechanism, which contributes to chemoresistance. Of note, in both cell lines GTC-mediated activation of AKT at Ser473 required ErbB activity and was inhibited by lapatinib (Fig. 4) . Lapatinibmediated inhibition of GTC-induced AKT pathway may be at least in part responsible for the efficient chemosensitising effect observed in these cell lines (Fig. 5) .
Surprisingly, J82, a mesenchymal cell line harbouring p53 mutation appeared to be significantly more sensitive to cisplatin, than the epithelial cell line RT112 expressing wild-type p53 (IC 50 doses were 3.55 versus 29.2 μM) (7). J82 cells exposed to GTC underwent S-phase arrest which is under control of ATM/Chk2/Cdc25A/Cdk2 pathway activated under different DNA damage-inducing conditions including exposure to cisplatin (35) . Consistent with the lapatinibmediated accumulation of J82 cells in the G 1 phase, combined lapatinib/GTC treatment produced a shift from early towards late S-phase as compared with the effect of GTC alone. This treatment significantly inhibited cell growth with little increase in apoptosis (Fig. 6) suggesting that the combined treatment of J82 slows down progression through the cell cycle. In RT112 cells, GTC produced a different effect on cell-cycle phase distribution. Cells accumulated at the G 1 /S border suggesting involvement of the replication check-point and resembling the effect of gemcitabine alone in squamous lung cancer cell lines (36) . The pattern of cell cycle distribution in GTC-treated RT112 cells may indicate that this line acquired additional genetic lesions in the ATM/Chk2/Cdc25A/Cdk2 pathway leading to the escape from inter-S phase checkpoint control. Combined GTC/lapatinib treatment enhanced the effect of GTC alone; it lead to the accumulation of the vast majority of the cells in G 1 or at the G 1 /S phase border and activated the p53-dependent apoptotic pathway (Figs. 6 and 7) . These data are in agreement with the finding that lapatinib increases the growth inhibitory effect of GTC applied at 1/8 of the IC 50 concentration from 36 to 82% (Fig. 6 ). They also demonstrate that pre-treatment of RT112 with lapatinib allows the dose reduction of the highly toxic GTC cocktail to be reduced by 8-fold in order to reach 82% of growth inhibition.
These data provide a rationale for investigating lapatinib in the clinical setting. However, additional studies are required to gain further insights into the processes that influence the antitumour activity of lapatinib. In particular, determination of genetic backgrounds (mutations in the components of the pathways controlling G 1 and S phase checkpoints) of tumour cells responsive to lapatinib will be the focus of further studies. This will allow identification of patients who will benefit from therapies based on combined lapatinib/GTC treatment.
